Hydrogen adsorption on graphene can be increased by functionalization with Ti. This requires dispersing Ti islands on graphene as small and dense as possible, in order to increase the number of hydrogen adsorption sites per Ti atom. In this report, we investigate the morphology of Ti on nanocrystalline graphene and its hydrogen adsorption by scanning tunneling microscopy and thermal desorption spectroscopy, and compare the results with equivalent measurements on single-crystalline graphene. Nanocrystalline graphene consists of extremely small crystal grains of < 5 nm size. Ti atoms preferentially adsorb at the grain boundaries of nanocrystalline graphene and form smaller and denser islands compared to single-crystalline graphene. Surprisingly, however, hydrogen adsorbs less to Ti on nanocrystalline graphene than to Ti on single-crystalline graphene. In particular, hydrogen hardly chemisorbs to 1 ML of Ti on nanocrystalline graphene. This may be attributed to strong bonds between Ti and defects located along the grain boundaries in nanocrystalline graphene. This mechanism might apply to other metals, as well, and therefore our results suggest that when functionalizing graphene by metal atoms for the purpose of hydrogen storage or other chemical reactions, it is important to consider not only the morphology of the resulting surface, but also the influence of graphene on the electronic states of the metal.
Introduction
The interest in metal-hydrogen interactions started some time ago, mainly driven by technological applications in many strategic fields such as fission and fusion reactors, fuel cells, and hydrogen storage. Metal hydrides have been extensively investigated in the sixties and seventies, exploring pure metals and metal alloys. 1 In graphene consists of small crystal grains of less than 5 nm in diameter. 12 Nanocrystalline graphene is obtained by carefully controlling nucleation during chemical vapor deposition (CVD) of graphene on Ge(110) surfaces.
The grain boundaries consist of defects, and the distribution of these defects is better controlled than those introduced by ion bombardment. The morphologies of Ti on single-crystalline graphene and on nanocrystalline graphene are compared by scanning tunneling microscopy (STM). The hydrogen adsorption on Ti on these samples is evaluated by thermal desorption spectroscopy (TDS).
Experimental Section
The single-crystalline graphene and the nanocrystalline graphene films were grown by CVD on Ge (110) substrates. 12, 13 The H-terminated Ge(110) substrate was loaded into a CVD chamber, and the vacuum level was maintained below ~10 -6 torr. To eliminate other sources of contamination, an epitaxial Ge layer was deposited right before graphene growth. Single-crystal monolayer graphene was grown by flowing a 100:1 mixture of H2 and CH4 gases at 80 torr and 920 o C for 2 h. For growth of nanocrystalline graphene, a 10:1 mixture of H2 and CH4 gases (10 torr) was introduced into the chamber at 900 o C for 1 h. During graphene growth with high H2/CH4 ratio, reversible etching and regrowth enable epitaxial growth of low-defect singlecrystalline graphene on Ge substrate, because graphene defects are preferentially removed during etching reaction. When the H2 partial pressure is lowered, however, the etching of defect is significantly suppressed, and thus nanocrystalline graphene with a large number of structural defects is obtained.
The samples were then introduced into an ultra-high vacuum chamber with a base pressure of 1×10 -10 mbar.
The vacuum chamber is equipped with an electron beam evaporator for Ti (SPECS), a deuterium doser, a sample heating/cooling stage, a residual gas analyzer (Stanford Research Systems), an STM (RHK technology), and a low energy electron diffraction (LEED) system (OCI vacuum microengineering). All experiments were performed in situ, i.e., Ti evaporation, hydrogen exposure, STM, LEED, and TDS were performed in the same vacuum system, without exposing samples to air. The samples were degassed at 700 K for 14 hours in the vacuum chamber. Ti was deposited on the samples at room temperature. The deposition rate was 0.023 ML/s (1 ML = 1.32×10 15 atoms/cm 2 ). The samples were characterized by STM and LEED before and after Ti deposition.
After exposure of the samples to molecular deuterium, TDS was performed. Deuterium (mass 4) was used instead of hydrogen (mass 2) for a better signal-to-noise ratio in TDS. We refer to hydrogen and not deuterium throughout the paper, because both are chemically identical, except for a small shift in desorption temperature due to the isotope effect. 14 The samples were exposed to deuterium at 100 K for 5 min with a partial pressure of 3.5×10 -8 mbar. In TDS, while the samples were heated from 100 K to 700 K at a constant rate of about 6 K/s, the partial pressure of mass 4 was measured by the residual gas analyzer placed in front of the sample. Figure 1 shows STM and LEED data obtained on single-crystalline graphene. Some wrinkles in graphene with a height of about 0.7 nm, which is twice the spacing between graphene layers, are indicated in Fig. 1a by arrows. It has been reported that graphene on Ge(110) has a compressive strain. 15 The wrinkles may be formed during cooling from the growth temperature, to relax the strain due to the difference of the thermal expansion coefficients between graphene and Ge. The high-resolution image of Fig. 1b shows the honeycomb lattice of graphene together with stripes with a periodicity of 0.57 nm, which corresponds to the Ge lattice constant along Ge(110)- [110] . 16, 17 The orientation relationship obtained from the STM image is graphene armchair // Ge(110)-[110], consistent with previous reports. 13, 18 The LEED pattern in Fig. 1c shows spots corresponding to graphene and Ge. The orientation relationship between graphene and Ge obtained from the LEED data is the same as from the STM. Figure 1d shows an STM image from single-crystalline graphene after deposition of 0.55 ML Ti. It shows islands with a diameter of 5-10 nm. The islands cover 20-30% of the graphene surface.
Results and Discussion
Their height corresponds to 4-9 atomic layers of Ti. The density of the islands is 0.4-0.5 per 100 nm 2 . We found that some Ti islands nucleated on graphene defects, while others nucleated on graphene without a defect.
A similar morphology of Ti islands has been observed on epitaxial monolayer single-crystalline graphene on
SiC.
10 Figure 2 shows the STM and LEED data from nanocrystalline graphene. Figure 2a shows that the nanocrystalline graphene consists of grains with a size of 3-5 nm. The higher-resolution image of Fig. 2c shows periodic structures in the grains. In the further magnified image in Fig. 2e , a periodic structure corresponding to a graphene √3 × √3 superstructure is observed in the grain. This √3 × √3 periodicity is characteristic of interference due to electrons scattered at the armchair edges of graphene.
boundaries is consistent with the report that nanocrystalline graphene shows a high resistance in transport measurements. 12 The atomic structure near the grain boundary was not clearly resolved in the STM images in
Figs. 2a and 2c. However, the line profile in Fig. 2b indicates a corrugation with amplitude of about 1 nm, and that the grain boundaries are lower than the center of the grains. It has been theoretically shown that the edge of graphene chemically bonds to the Ge substrate during the growth of graphene on Ge(110) terminated with hydrogen. 17 On the other hand, the interaction between the center of the graphene grains and the Ge substrate is weaker than at the edge. Strain in nanocrystalline graphene may be relaxed by the corrugation, instead of a wrinkling seen in the case of single-crystalline graphene. Note that the defect density in nanocrystalline graphene is much larger than the defect density in single-crystalline graphene.
In order to indicate the orientation of the grains more clearly, a derivative image of Fig (Fig. 2h ). This orientation relationship between graphene and Ge is the same as for single-crystalline graphene. Thus, this orientation seems to be the most stable energetically.
Next, nanocrystalline graphene after deposition of 0.55 ML Ti was observed by STM. Figure 3 shows the results. With a tunneling current of It = 0.03 nA and sample bias voltage Vb in the range from 0.1 V to 1.6 V, the observation was unstable. With Vb = 4-5 V, the observation was stable, and Ti islands could be observed.
Finally, with Vb between 2 V and 3 V, after a few unstable initial scans, a surface morphology similar to that of clean nanocrystalline graphene appeared. This suggests that scans with Vb = 2-3 V remove Ti. Figure 3a shows an STM image of nanocrystalline graphene after deposition of 0.55 ML Ti, obtained with Vb = 4 V.
Before this observation, the area on the right side of the green line had been already scanned a few times with Vb = 2 V. The morphology of the right area is relatively smooth and similar to that before Ti deposition. On the other hand, on the left side, there is a dense population of small islands. After this measurement, the whole area of Fig. 3a was scanned a few times with Vb = 2 V, then again observed with Vb = 4 V. The result is shown in Fig. 3b . The right side of the image did not change, but the islands on the left side disappeared, and consequently the whole area now seems uniform. We have verified that the perimeter of areas scanned with Vb = 2 V did not show any changes, which indicates that Ti has moved to the STM tip instead of moving laterally on the surface. The removal of metal atoms from graphene by an STM tip has been reported by other groups before. 20, 21 These groups have reported that the efficiency of the removal of metal atom is higher when the distance between the STM tip and the sample is shorter. For a given tunneling current, this distance generally becomes shorter with smaller Vb. This is consistent with our observations. We add that also Ti on single-crystalline graphene was removed by the STM tip when working with a bias of Vb = 1-3 V, but on the other hand, the observation was relatively stable with Vb = 0.1-0.5 V, as witnessed by the image shown in Fig.   1d , and this is in contrast with the case of nanocrystalline graphene. We will later discuss the different interactions between Ti and the two types of graphene samples.
STM images on nanocrystalline graphene after Ti deposition reflect both the morphology of the nanocrystalline graphene and the Ti islands. This allows subtracting the image after Ti removal from the image before Ti removal, in order to obtain more precise information about the morphology and distribution of the Ti islands. Figs. 3b and 3c, we determine that the Ti prefers to adsorb on the grain boundaries of the nanocrystalline graphene and not on the grains. For this purpose, we first take a histogram of Fig. 3b , which reflects the height distribution of the graphene surface. Next, we compare this to the height distribution of that part of the surface which was covered by Ti. For this purpose, we calculate a threshold image of Fig. 3c in which we set areas with Ti to 1 and areas without Ti to 0. The result is shown in Fig. 3d . Multiplying this image with the data of Fig. 3b gives an image in which all parts of the surface which were not covered by Ti have been removed by setting them to zero. The resulting height distribution histogram is shown in Fig. 3e , green curve. Following the same procedure, we also calculate the height distribution of the part of the surface which was not covered by Ti, shown in Fig. 3e , red curve (by using the inverse of Fig. 3d) . Clearly, the green histogram is centered at lower height values as compared to the red histogram. This indicates that the Ti grows preferentially in the lower regions of the nanocrystalline graphene surface, and these are, as we have already shown, the positions of the grain boundaries. As a crosscheck, we have added the green and red histograms, and, as expected, their sum equals the histogram of the whole image of Fig. 3b . After Ti deposition, the nanocrystalline graphene sample was annealed at 800 K for 14 hours. The morphology of the sample did not change significantly by the annealing. The line profiles in Figs. 4c and 4d show that the morphology of nanocrystalline graphene after Ti deposition of 0.55 and 2 ML, respectively, is similar to that before Ti deposition (cf. Fig. 2b ), indicating layer-by-layer growth of the Ti. This was also shown by comparison of STM images before and after removal of Ti in Fig. 3 .
Therefore, after deposition of 2 ML of Ti, the top layer, i.e., the second layer of Ti atoms, is not in contact with graphene. On the other hand, Ti of 0.55 and 2 ML deposited on single-crystalline graphene forms 3D islands, as seen in Figs. 4e and 4f , respectively. Thus, with 2 ML deposited, most of the Ti surface atoms are not in contact with graphene for both types of graphene.
Next, we evaluated the hydrogen adsorption on these samples by TDS. Figure 5 shows the TDS results on the single-crystalline graphene and the nanocrystalline graphene. Hydrogen desorption was not seen from the samples without Ti (black curves). Desorption spectra from samples with Ti showed peaks at around 200 K and 480 K. The corresponding desorption energies were estimated from the desorption temperatures and are shown in table 1. For this purpose, we assumed first-order desorption and a typical attempt frequency of 10 13 Hz. 10 The error bars correspond to the full width at half maximum of the desorption peaks. Desorption energies around 0.5 and 1.3 eV, estimated from the desorption peaks at 200 K and 480 K, respectively, are close to those obtained for Ti on graphene on SiC. 22 Therefore, the desorption peaks at 200 K and 480 K can be attributed to hydrogen desorption related to physisorption and chemisorption, respectively. Here, physisorption refers to adsorption of hydrogen molecules, whereas chemisorption to adsorption of hydrogen atoms.
In order to estimate the amount of adsorbed hydrogen, the partial pressure of hydrogen in the TDS spectra was integrated under each desorption peak, and is plotted as a function of Ti amount in Fig. 5c . The peaks in the TDS spectra were fitted based on the model reported previously, 23 and then they were integrated with respect to time. Figure 5c shows that the total amount of adsorbed hydrogen on nanocrystalline graphene is smaller than that on single-crystalline graphene. Particularly, with 1 ML of Ti, a clear peak related to chemisorption was observed on single-crystalline graphene, but it was negligibly small on nanocrystalline graphene.
Theoretical calculation has reported that Ti bonding to defects in graphene does not chemisorb hydrogen.
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This was explained by a strong bond between the Ti and a defect in graphene mediated by charge transfer.
This and the TDS results suggest that most of the 1 ML Ti adsorbs near defects of nanocrystalline graphene, which inhibits chemisorption of hydrogen due to charge transfer. We caution the reader that we have no direct spectroscopic signature of this charge transfer. We performed scanning tunneling spectroscopy on Ti islands deposited on the two different graphene samples, to measure their electronic states. However, we could not resolve differences, probably due to an insufficient energy resolution of the measurements at room temperature.
In another theoretical report, it has been shown that at room temperature Ti forms bonds to di-interstitial defects in curved graphene, but not on flat graphene without defects. 24 This is consistent with the differences in chemisorption between single-crystalline graphene and nanocrystalline graphene in the TDS data. Furthermore, the Ti-C bond on nanocrystalline graphene may explain the instability in STM at low Vb. TiC nanocrystals have a band gap of 0.8 eV. 25 If Ti forms bonds to defects in nanocrystalline graphene and a band gap is induced, a stable tunneling contact cannot be established for Vb within the band gap, and thus STM imaging becomes unstable.
On the other hand, 1 ML of Ti on nanocrystalline graphene shows a higher physisorption peak than singlecrystalline graphene. Physisorption does not involve a charge transfer between hydrogen and Ti. 22 Therefore, defects in nanocrystalline graphene may have less influence on physisorption than on chemisorption. As shown in Fig. 4b , Ti on nanocrystalline graphene has a larger surface area than on single-crystalline graphene, which leads to higher amount of physisorbed molecules. Increasing the Ti amount from 1 ML to 2 ML, a peak corresponding to chemisorption appeared in the TDS data on nanocrystalline graphene. This indicates that the second layer of Ti is less influenced by defects in nanocrystalline graphene, and so it can chemisorb hydrogen.
However, chemisorption on single-crystalline graphene also increased with Ti amount, and it is still larger than that on nanocrystalline graphene. This suggests that the influence of defect on the second layer of Ti decreases but still exists.
Conclusions
We investigated the morphologies of Ti on single-crystalline graphene and nanocrystalline graphene by STM, and their hydrogen adsorption properties by TDS. STM revealed that smaller and denser Ti islands, and higher coverage of them, are formed on nanocrystalline graphene as compared to single-crystalline graphene. On nanocrystalline graphene, Ti preferentially adsorbs on grain boundaries. This suggests that strong bonds between Ti and the defects in nanocrystalline graphene suppress diffusion of Ti and lead to the formation of smaller islands. However, the TDS data showed that the amount of hydrogen adsorption is not simply proportional to the surface area of Ti. The total amount of adsorbed hydrogen on nanocrystalline graphene is smaller than that on single-crystalline graphene. In particular, hydrogen hardly chemisorbs to 1 ML of Ti on nanocrystalline graphene. This may be attributed to strong bonds between Ti and defects in nanocrystalline graphene. These results suggest that when functionalizing graphene by metal atoms for the purpose of hydrogenation or any other chemical reaction, it is essential to consider not only the morphology of the resulting surface, but also the influence of graphene on the electronic states of the metal. On the other hand, it might be possible to exploit the modification of the electronic states of deposited islands towards, for example, applications in optics. 
